Leishmania resistant to arsenicals and antimonials extrude arsenite. Previous results of arsenite uptake into plasma membrane-enriched vesicles suggested that the transported species is a thiol adduct of arsenite. In this paper, we demonstrate that promastigotes of arsenite-resistant Leishmania tarentolae have increased levels of intracellular thiols. High-pressure liquid chromatography of the total thiols showed that a single peak of material was elevated almost 40-fold. The major species in this peak was identified by matrix-assisted laser desorption/ionization mass spectrometry as N',N5-bis-(glutathionyl)spermidine (trypanothione). The trypanothione adduct of arsenite was effectively transported by the As-thiol pump. No difference in pump activity was observed in wild type and mutants. A model for drug resistance is proposed in which Sb(V)/As(V)-containing compounds, including the antileishmanial drug Pentostam, are reduced intracellularly to Sb(III)/As(III), conjugated to trypanothione, and extruded by the As-thiol pump. The ratelimiting step in resistance is proposed to be formation of the metalloid-thiol pump substrates, so that increased synthesis of trypanothione produces resistance. Increased synthesis of the substrate rather than an increase in the number of pump molecules is a novel mechanism for drug resistance.
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The trypanosomatid protozoan parasite Leishmania is the causative agent of kala azar and other less severe forms of leishmaniasis (1) . Between 10 and 15 million people worldwide have clinical symptoms, and 400,000 new cases are diagnosed each year (2) . The treatment of choice for all forms of leishmaniasis depends on Sb(V)-containing drugs such as sodium stibogluconate (Pentostam) and N-methylglucamine (Glucantime). Unresponsiveness to antimonial drugs in mucocutaneous and visceral leishmaniasis has long been recognized and is now becoming a common problem, occurring in 5% of patients. Resistance rates as high as 70% have been described in some endemic areas (3) .
To serve as models for resistance, strains of Leishmania tarentolae resistant to trivalent arsenicals and antimonials have been generated in vitro. The strains used in this study were the parental TarlI wild type and two mutants, TarIIAs2O.3 and TarIIAs5O.1 (4) . The mutants were independently selected in a stepwise selection in vitro for resistance to 20 and 50 ,uM sodium arsenite, respectively. They are crossresistant to potassium antimonial tartrate [Sb(III)] and Pentostam [Sb(V)] (5, 6) . We have shown previously that high level arsenical resistance in promastigotes of the mutants is related to reduced intracellular accumulation of the drugs (5) . We have recently identified an ATP-dependent As(III)-thiol pump in vesicles from leishmanial promastigotes enriched in plasma membranes, suggesting that in vivo it is not free arsenite but rather the thiol adducts that are extruded (7) . The Pentostamglutathione complex inhibited 73As(III)-glutathione transport, pointing to a single transport system that is involved in extrusion of and resistance to both arsenite and Pentostam. Based on those results, we suggested that resistance entailed formation of a complex of As(III) or Sb(III) with a thiol that the results in this report show to be N1,N8-bis-(glutathionyl)-spermidine (trypanothione) [T(SH)2], the major reduced thiol of trypanosomatidae (8) . The ATP-coupled efflux pump would then extrude the As(III)/Sb(III)-T(S)2 conjugate from the cell. Thus, both conjugation and extrusion would be required for resistance.
Although resistant cells accumulate less arsenite than wildtype cells as a result of active extrusion (5), in vitro no difference was found in rate of As(GS)3 accumulation in everted plasma membrane-enriched vesicles prepared from wild-type cells and from arsenite-resistant mutants (7) . We therefore predicted that the limiting step in efflux in vivo would be formation of the As(III)-thiol complex, the substrate of the pump, rather than overexpression of the pump genes. While amplification of the genes for drug resistance pumps such as P-glycoprotein has been observed (9, 10), an efflux-related resistance resulting from increased synthesis of the substrate of the pump would be a novel mechanism. In this paper, the physiological thiol involved in arsenical extrusion was determined to be trypanothione. In Preparation of Plasma Membrane Vesicles. Membranes vesicles were prepared from promastigotes of L. tarentolae as described previously (7) . These ported to contain primarily plasma membrane vesicles free from mitochondrial contamination, although a small amount of endoplasmic reticulum could not be excluded (13, 14) . Membrane vesicles were rapidly frozen in liquid nitrogen in small aliquots and stored at -80°C until use. Protein content was determined by a micromodification of the procedure of Lowry et al. (15) .
Chemical Synthesis of 73 AsO, 73As(GS)3, and 73AsT(S)2. 73AsOj was prepared by chemical reduction of arsenate (16) .
The 73As(GS)3 conjugate was synthesized according to the method of Delnomdedieu et al. (17) using a 4-fold molar excess of reduced glutathione. 73As(TS)2 was prepared by a similar method using an equimolar concentration of dihydrotrypanothione.
Assay of 73AsT(S)2 and 73As(GS)3 Transport. ATPdependent uptake of 73AsT(S)2 and As(GS)3 in everted plasma membrane-enriched vesicles was assayed with 10 mM ATP as an energy source as described previously (7).
Determination of Total Cellular Thiol Content. The level of total intracellular thiol was measured in deproteinized cell extracts (18) . Cells were grown in 10 ml of arsenite-free SDM-79 medium supplemented with 10% fetal calf serum to mid exponential phase (6 x 107 cells per ml). The cells were harvested, washed with a buffer consisting of 0.14 M sodium phosphate, 0.14 M potassium phosphate, 0.14 M NaCl, and 3 mM KCl (pH 7.4), and suspended in 0.6 ml of 25% tricholoracetic acid. After 10 min on ice, denatured protein and cell debris were removed by centrifugation in a microfuge for 20 min at 4°C. The thiol content of the supernatant solution was determined with 0.6 mM 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) in 0.2 M sodium phosphate buffer (pH 8.0). The concentration of DTNB derivatives of thiols was estimated spectrophotometrically at 412 nm.
Separation of Thiols by High-Pressure Liquid Chromatography (HPLC). Samples for analysis by HPLC were prepared from cells derived from 10 ml of culture medium suspended in a buffer consisting of 0.1 ml of 50 mM Hepes (pH 8.0) containing 5 mM EDTA (19, 20) . The cells were transferred to a dark tube and 0.1 ml of 2 mM monobromobimane in ethanol was added with mixing, and the suspension was incubated at 70°C for 3 min. The suspension was mixed with 0.2 ml of cold 25% trichloroacetic acid and incubated on ice for 20 min, after which denatured protein and cell debris were removed by centrifugation. Samples were analyzed by HPLC using an ion-paired reversed-phase Synchropack C18 column with a linear gradient of 0-90% methanol in 0.25% acetic acid (pH 3.5). Millimolar solutions of cysteine, glutathione, trypanothione, dithiothreitol (DTT), and lipoic acid derivatized with monobromobimane were used as standards. Thiols were identified from bimane fluorescence with excitation at 360 nm and emission at 450 nm using an on-line fluorescence detector.
Identification of HPLC Peaks by Mass Spectrometry. Matrix-assisted laser desorption/ionization (MALDI) mass spectroscopy was carried out on a Voyager Elite time-of-flight instrument (PerSeptive Biosystems, Cambridge, MA) equipped with a nitrogen laser (337 nm) using a-cyano-4-hydroxycinnamic acid as the matrix. Samples were prepared by adding 1 ,l of the sample solutions from the collected HPLC fractions (containing an estimated 5-50 pmol of the trypanothione bimane derivative). Spectra were obtained by averaging 50-100 laser shots.
Reagents. H373AsO4 was purchased from Los Alamos National Laboratories. Oxidized trypanothione was obtained from Bachem, and was reduced to T(SH)2 with a 2-fold molar excess of tris(2-carboxyethyl)phosphine immediately before 
RESULTS
Overproduction of Intracellular Thiols in ArseniteResistant L. tarentolae. Total intracellular reduced thiol was quantified in the parental TarlI wild type and the two mutants, TarIIAs20.3 and TarIIAs50.1. Total reduced thiol levels were increased 1.7-fold in the mutant TarIIAs20.3 and 3.7-fold in TarIIAs50.1 compared with the parental strain (Fig. 1A) . Individual thiols from each of the three strains were separated and quantified by HPLC after derivatization with monobromobimane. Three peaks contained most of the thiol species (Fig. 1B) . Peak 1 eluted with a retention time corresponding to the cysteine-bimane adduct. The retention time of peak 2 corresponded to the bimane adduct of glutathione. The trypanothione-bimane and lipoic acid-bimane adducts had retention times corresponding to that of peak 3. However, as shown below, the major component in peak 3 is the bimane derivative of trypanothione, and no lipoic acid derivatives were observed. All three HPLC peaks were increased in the two mutants (Table 1) . Peak 3 increased 17-fold in extracts from TarIIAs20.3 and 37-fold from TarIIAs50.1 compared with the parental TarII strain. The compound in peak 3 increased from slightly less than half of the total thiol in the wild type to more than 80% of the total thiol in the mutants.
Analysis of HPLC Peaks by Mass Spectrometry. Analysis of the HPLC peak 3 from wild type and mutants by MALDI mass spectrometry showed the presence of trypanothione-bimane derivatives in each ( Fig. 2A, curves a-c) . Peaks at m/z of 1105.5 and 1127.6 correspond to the mass of proton and sodium ion adducts of T(S-bimane)2, respectively. Peaks at m/z of 915.0 and 937.3 are the mass of protonated and sodium ion species, respectively, in which one bimane had been lost. It is unlikely that mono-and di-substituted bimane species coeluted on HPLC and probably arose from post-HPLC sample processing. Although quantification of the peaks must be considered tentative because different complexes can exhibit differential MALDI responses, the ratio of the intensities of the signals for the protonated molecule correspond to the ratio of the peak areas in the HPLC analysis of the three samples (greatest in TarIIAs5O.1 and smallest in the parental). The structure of T(S-bimane)2 was confirmed by post-source decay analysis Although it is not known whether this process is enzymatic, As(V) reductases from bacteria have been characterized (29, 30) . The second step is conjugation of the reduced semimetal to trypanothione. Slow spontaneous formation of As(GS)3 from arsenate and glutathione has been observed (17) . As a diglutathione, trypanothione would be expected to react similarly. On the other hand, arsenite resistance in mammalian cells has been correlated with increased levels of glutathione S-transferase ir (24) , so it would not be unreasonable to postulate the existence of a trypanothione-conjugating enzyme. It is also possible that a conjugating enzyme exists for a thiol other than trypanothione; thus, even though trypanothione comprises over 70% of the total free thiol in resistant cells (Table 1) , it might not necessarily be the As(III) conjugant. The final step in resistance is active extrusion by the ATP-coupled As-thiol pump (7), lowering the intracellular concentration of metalloid to subtoxic levels. The rate-limiting step in resistance is proposed to be formation of the As-trypanothione conjugate. Selection for mutations that increases trypanothione biosynthesis thus generates resistance. (22) of the peak representing the intact molecule at m/z 1105.5. The fragmentation pattern of the trypanothione derivatives from the biological samples was identical to that of an authentic standard of bimane-derivatized trypanothione (data not shown). No signal corresponding to bimane derivatives of lipoic acid were observed in any samples. These results unambiguously identify the thiol increased in arsenite-resistant mutants of L. tarentolae as trypanothione.
Analysis of As(III)-and SB(III)-Trypanothione Complexes by Mass Spectrometry. Authentic As(III)-and Sb(III)-trypanothione complexes were analyzed by MALDI mass spectrometry. The reaction products between reduced trypanothione and arsenite or antimonite displayed a prominent peaks at m/z of 798.6 and 844.5, respectively, representing the 1:1 AsT(S)2 and SbT(S)2 complexes, respectively (Fig. 2B) . A smaller peak in the As-trypanothione mixture was observed at m/z of 1521.5 that could be assigned to T(S)2AsT(SSH). Because higher m/z complexes may exhibit differential MALDI responses, quantitative assessments of the relative amounts of the two species cannot be conclusive. However, no peaks of higher m/z were observed with the Sb-trypanothione mixture. These results indicate that AsT(S)2 and SbT(S)2 are the predominant species present in solution.
ATP-Dependent Transport of 73As-Glutathione/Trypanothione Complexes in Plasma Membrane-Enriched Vesicles.
ATP-dependent accumulation of 73AsT(S)2 and 73As(GS)3 by plasma membrane-enriched vesicles of wild type and resistant cells was measured (Fig. 3) . The transport activities of the wild type and mutants with either substrate were not significantly different from each other (Fig. 3) . With 73AsT(S)2 as substrate, the kinetics of uptake of vesicles prepared from the three strains were found to be similar (data not shown). These results indicate that resistance is due neither to a change in the number of pump molecules nor in their affinity for substrate.
Moreover, transport of both 73AsT(S)2 and 73As(GS)3 was similar, indicating that the pump uses the trypanothione adduct of arsenite as efficiently as the glutathione adduct.
DISCUSSION
Drug resistance mediated by active efflux is widespread from prokaryotes to eukaryotes. Resistance to the metalloids arsenic and antimony in Escherichia coli is conferred by a plasmid-encoded ATP coupled pump (10) . Multidrug resistance phenotype in mammalian cells is often correlated with the overexpression of P-glycoprotein (Pgp) or multidrug resistance-associated protein (9, 23) . In eukaryotes, arsenical resistance has also been shown to be transport-mediated (9, 10, (24) (25) (26) . We have previously shown that oxyanion-resistant Leishmania cell lines actively extrude As(III) by a process that is independent of PgpA (5). In addition, we recently characterized an ATP-dependent As(III)-glutathione transport system in plasma membrane-enriched vesicles ofL. tarentolae (7) . In contrast, the amplification of pump genes frequently observed in drug-resistant mammalian cell lines (9, 10, 23) , this ATP-driven pump is not overexpressed in the As(III)-resistant mutants.
On the other hand, the promastigotes of the As(III)-resistant mutants of L. tarentolae have higher total reduced thiol levels compared with the parental strain (Fig. 1) . Cysteine, glutathione, and trypanothione are all increased in the mutants, but the large majority of the increase could be accounted for increased trypanothione levels (Table 1 ). In contrast, in melarsen-resistant Trypanosoma brucei brucei trypanothione levels are not increased; activity of the uptake system for the organic arsenical is reduced instead (27, 28) . Trypanothione is known to play a major role in the oxidant defense system of the kinetoplastida group and is a major thiol Proc. Natl. Acad. Sci. USA 93 (1996) Proc. Natl. Acad. Sci. USA 93 (1996) 10387 species in this group of parasitic protozoa. Trypanothione forms a complex with As(III) and Sb(III) (Fig. 2) , and this species was transported by the plasma membrane-enriched vesicles as efficiently as AS(GS)3 (Fig. 3) . Since more than 70% of the total thiol in promastigotes of TarII As50.1 is trypanothione, AsT(S)2 would comprise the bulk of the substrate of the pump, indicating that it is most likely the natural substrate of the pump in vivo. The data suggest that the increase in resistance results from increased biosynthesis of trypanothione. Since the levels of glutathione and cysteine are also increased, this would point to an early step in the biosynthetic pathway.
We propose a model for Pentostam resistance with a minimum of three steps: (i) reduction of Sb(V) to Sb(III), (ii) conjugation to trypanothione, and (iii) extrusion of SbT(S)3 by the ATP-coupled pump (Fig. 4) . We cannot rule out the possibility that conjugation of As(III) or Sb(III) alone is sufficient to produce resistance; disruption of the thus far unidentified gene for the pump would be necessary to test that. However, several other glutathione-linked pumps have been shown to be related to drug and metal resistances, including the human multidrug resistance-associate protein, which is an ATP-dependent export pump for Leukotriene C4 (23, 31, 32) and structurally related conjugates and the yeast YCF1 protein, a vacuolar cadmium-glutathione conjugate pump in yeast (33) . The model points to several targets for new chemotherapeutic agents that could reverse drug resistance. Intervention to lower trypanothione levels might be effective. A more selective target may prove to be the efflux pump if it is present in the parasite and not the host. For that reason, it is of importance to identify the pump protein and the gene(s) that encode it.
